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ABSTRACT

& Dynamic Simnlation of Soil-Wheel Interaction
by
Sheridan L. Kiszsklevits
Advisor
I. Robert Ehrlich

Kay 1973

A dynasic vehicle model, simulating both the vehicle dynamics and
the wheel-soft soil interastion, is presented. Equations of notion are
presented for a twd-dimensional, six-degres-of-freecdom vehicls, Hela-
" tionships for forces and momonts on the vehicle and its wheels due to
wheel-coil intersction are developsd as functions of sormsl and shear
stresses in the soil., Both the rigid wheel and flexible wheel cases
are addressed. Current state-of-the-art rvlationships among shear
stress, normal streas, wheel sinkage, and wheel alip ars used, Pars-
mtric studies are used to asseas the qualitative validity of the:
nodel,

While experimental data does nct exist, coupari:on'ot the results
of the simuiation with lmown information from the field of off-iLse

road mobility indicatus the model to be valid,
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contact patch
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the X component of shear force ocn a whesl

ths 2 o;:uponent of shear force on a wheel
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the T vomporent of F,.

o R

vha X component of Pc”

the Z component of I“c“
the net torque on the body about the Y axis
the combined net torque on both front and rear whsels

tI3 vheel angle, measured from the horizontal, which locates
points on +he wheel surface

the *“eel entrance ang.c: vhere it first touches the soil ' 1
the wheel exit angle; where it leaves the soil

T

the entrance anzle to the undisturbed soil profile
the exif sngle to ine undisturbed soil profile

the angles which define ths limits of ths ions of tire
dafleciion for a flexible wheel

WG s

the angle to the center of the actual contact patch

.
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the angle to the center of the deflecled portion of the
contact pstch

L e

a vertical load on a wheel
the initial soil bearing capacity, dependent, on plate shape
wmomsnis of inertia of a body abcut the X, Y, and Z axes
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the product of inartia of a body akout the X and Z axes

LR T

the combined wheel-drive train rotary moment of inertia
soil deformaticn undar shear stress

Bekker's s0il modulus of cohesion

Bekkerts soil modulus of friction

Sela-fhrlich modified soil modulus of cohesion

the deformation modulus of a soil shear stress-sirain curve
the length of a linsar contact pateh
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OmaxTH
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vehicls mass

mass of front and rear wheels, respectively

ths tota’ moment at the vehicle G due to soil forces in the
X direction

the moment at the vehicle CG due to F__and F
xo xr

the moment at the front and rear wheel centers due to shear
atress

the mowent at the vehicle CG due to F,, o
the moment at the vehiols TG due W F .. o
the engine torqus on the front and rear wheals

the normal soil force on a wheel

Bekker's soil sinkage sxponent

normsl 8oil stress (pressure)

the maximm rormal pressure whech occurs under a rigid wheel

the theorstical maximam normal presgure which would occur if
a vheel were rigid P

the angle of internal soil friction

the maximun allowable soil pressure undsr a flexible wheel
the inflation pressure within a tire

ths carcass pressuﬁ:of a tire

normal soil stirass (pressure)

the initiai soil bsaring capacity

rates of rotation of & body about the X, Y, and Z axes
hydranlic radius

radius of a vheel

wheel slip

the tangential soil force on a whesl
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shear at.{'eu

pitch angle of a body msasured about the Y axis
the local ground slope at a sheel

velocities in the X, Y, and Z directions
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weight of front and rear wheels
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the degree of soil compaction, dspendsnt on previous loads on
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I, INTRODUCTION

The computer has provided a valushle tool for use in the planning,
developmsnt, and analysis of off-the-roed wehicle systems; cut-and-try
jtachniqnus are giving way to computeriged simulations as a wmethod of
an~lyzing varicus systems in the search for the optimm configuration,
It wppears likely that long procurement lead times, and their associ-
ated skyrocketing costs, can be reduced through the use of simulations.

A datailed dynamic modsl which includes vehicle dynamics and

wheel-soft soil relstionships i3 necessary to realize ths full poten-
tial of the computer, and to provide accurate modsling of mrototypes.
¥hile they have taken the necessary early staps, rrevicusly developed
similations are not detailed dynamic mcdsls; ore type depends upon
equilibrium equations 1’2, another upon rigid wheel-rigid surfsce relae-
tionghips 3 , while a third models the vehicls componente and determines
soil forces from a data bank of experimental nasults". This report is
a significant deviation from most previous work in that it presents a
dynamic vehicles model with particular emphasis on the wheel-soil inter-

ection. Ths approach to the whesl-soil problem considers the basic

N R e A LA T < b .

shear and normal stresses acting at the soil-wheel interface, esnd
der;vea all forces and xomsnts as functions of these stresses. Current
state-of-the-art relationships among shear stress, normal stress,
sinkage, nd whoel slip are ussd, In this analysis, speed effects have v
been neglected, since current literature indicates no velooity effects .
in the rangy of considsration.
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II, BACKGROUND

A, FREDICTING WHEEL PERFORMANCE

The validity of any zathematical simulation depends upon the
ability to formulste the ralationships among the factors which dester-
‘mine the behavior of the prototype. Of intsrest in the scil-wheel
problez are the relationships among shear and normal stresses within
the soil, forces on the wheel, and whesl slip. The formulation of
thase relstionships has proven to be particularly difficult.

The forces acting at the soil-wheel interface are shown in

Pigure 1, Shear arnd normal siresses each produce componeni forcse in
the horisontal and vertical directions. The totai horizontal and
vertical forces are the sums of thsss couponents,

One of the most widely accepled expressions for pressure under a
plate in aoil is that proposed by Bekksr 2:

w . , . bow " : "y w
T T Dy s s et e A RSBt R s Mt D B Vet 4 o o A A B A Ml i e

S

e k

e H ¢ n

5 H LI Sy k 1

2 b ( : ,). (1)

f' é L

: p = 8oil pressurs on the plate

'i kc, k¢, and n ars soil paramestors L,
E . B = width of the plate ;
s = dapth of sinkage of the plate i
3 Bekker used Equation (1) to predict the sinkegs of a rigid wheel in i

< soft soil frox data obtained using plate tests.
Figure 2 shous 2 typical normal soii mressure distribtution that
E has besn measured undar & rigid shesl, Also shown iz the pressure
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FIGIRE 1 PORCES ACTING ON A RIGID WHEEL
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FICURE 2 SOIL FRESSURE DISTRIBUTION UNDER A RIGID WHESL
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diatribution predioteé by Bekker's ecuation, The significant differe
ences are evident, As can easily be seen, the lift force predicted by using
Equation (1) will bs larger than the actual force realised, henos the

predicted sinkage will be less than the actual sinkage.
6
Sela axd Ehrlich recently proposed a modification to Bekker's

LR AR R N

M
Py
3
3
]
K]

equation:

kl
p-pi+.é.:_+ (k¢ +-R-:- gii'l)n (2)

vwhare
p = the nominal soil pressure uncer a plate

Py - the initial soil bearing capacity, independent
of plate shape {a paramster of the soil

h = the initial soil bearing capacity, dependent
on plate shaps (a parameter of the soil)

plaia erea

R, = hydraulic radius of the plate =

3 Lt A s P et Y 19 M e

plate perimeter .

X, = ths soil strength modulus, independsnt of
4 plate shape (a parameter ol the soil)

ké = the gsoil strength modulus, dependent on
plate shape (a paramster of the soil)

the degree of soil campaction, depandent on
pravious loads on thi soil (2 paramster of the soil)

PINERYRRITE LA LI AT YU DI

gt = the sinkage into the soil at which ths nominal
pressure, p, is measured

n = the soil sinkages exponsnt (a parameter of the soil)
They then used Equation (2) to predict the psrformance of a rigid wheel
in soft soil at sero slip /. Sela and Ehrlich attempted to compsnsate
for the differencs in actual and predictec pressure distributions by

" Kb

neglecting the shear stress contribution to normal force on the whesl,

L
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The performance prodicted bas shown good agreesent with experimental
results,

The well-known Covlomb equation 8 gives the shear strength of a

r = (¢ + ctanf) (3)
where

7 = ghear strength (maximum available
shear stress)

¢ = soil cchesion

o = noraal pressure on ths soll

§ = angle of internal soil friotion
Using Equation (3), Janosi and Hanamcto ? propoged the following equa~
tion to describe a soil shear atress-strain curve:

rm(c+ otanf)(1 « e~/ (%)

e = the base for Nsperian logarithms
J = the so0il deformstion

K = the deforrmation modulius of the soil
shear stress-strain curve

A8 applied to a loaded soil-shear plate, this eguation states that to
displace the plate a distancs j, the shesr siress 7 must be overcoms,
Hote that this is lesa than the maximum shear strength given by Equa-
tion (3), and that for very large daformations (J =~ = ), Equation {4)
approaches Couloxbis equation,

In extending this equation to predict shear stress distribuiion
under s whesl, Janosi 10 assnzed that the whesl contact patch was a
series of small plates that zsted indspendently, and obtained an

N L4 5%":" WPEF ‘,53'!—-—?} irey  da
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expression for j from the cycloidal movement of the wheal periphery.

Several other theoriez regarding shear stress have been advanced,
but they fall into two categoriss:

(1) ‘he sslutions are incomplets teczuse the number of
unknowna exceeds the number of equatione which can be written.

(2) ifr complete, the sclution is limited to a very syecial
soi: condition,
Accordingly, Janosi's original approach is still the one uced by many
researchers.,

It is believed that sirkage end normal stress are functions of
wh=el slip, However, these relationships have not yet been discovered.
B. VEHICLE SIMULATION ‘

In an extensive report on vehicle-terrain simmlations, Schuring
ard Belsdorf 1 have presented & model of a vehicle traversing soft,
smooth soil, The simulation assumed steady-stats movement, and hence
was postulated in terms of eguations of equilibrium,

The wheel performance equatione were derived from an assumed
triangular distribution of normal stress, with the maximux stress
determined by Bekker's equation} froz the Janosi-Hanamoto equations for
shear stress distribution (simplified by some assumptions involving the
relative magnitudes of sines and coasines); and from an assumed smpi-
rical relationship between leading and trailing portions of the contact
gons, See Figures 3 and 4,

Executiocn of the simmlation requirss simultaneous solution of
various algshtraic equations, and provides thes following output:

ol L

e B2 Dl oS OGR4 N

b ol SO Rl S WG

e s ARG T ALY W o €88 g8 bt L0
bl WA TEER fo Lo



T T A o TP I LM YT SR O B =

—— e 3

R-1689

A / 7N

LA
ASSUMED PRESSURE DISTRIBUTION

- -..—.kc + k tn
Prax b $)"n
(b = wheel width)

FIGURE 3 TRIANGULAR NORMAL STRESS DISTRIBUTION
IN SCHURING-ESLSDORF MODEL
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FHAANN
FROYT ANGILE = REAR ARGIE REAR AKGLIE =» 0
SOFT WHEEL OX RIGID GROUND RIGID WHEZL ON SOFT GROUXD

FIGURE 4 IDEALIZED REUATIONSHIP BETWEEN FRONT AMGIE AWD
REAR aNGLE OF PNSUMATIC TIRES IN SCHURING~ZBLSDGRF MODEL
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e the *thrust® force at the contact zone of & driven wheel
e the drive torque at the axls of a driven wheel
¢ the slip of the driven wheeol
o the forward vslocily of the vehicle
The model, howsver, has not been verified Ly experiment,

In the report of their study of egress performance of vehicles,
Muddappa and Baker 2 have presented a model of a vehicle traversing
soft, smooth soii, The sirmlation determined inertial forces acting on
the vehicle as & result of its veloclily, and assumed the vehicle and
forces acting on it to be in dynamic equilibrium (steady-stats) at
finite increments of time, The simulation wat postulated in terms of a
highly non~linear set of differential equations.

The wheel performance equations were derived from an assumed
linear contact patch; from the wheel sinkage given by Equation (1); and
from the "compactic resistance” of the soil, comnuted by integrating
Equation (1), See Figure 5.

Execution of the simulation consists of an iterative procedurs,
and provides ths position of ths vehicls as part of iis output. 7The
mocdel also has not besn verified by experiment.

Schoch ard Shah“, in their report on the development of computer-
modeling tschniques, have presented an exampie model ¢f a tracked
vehicle traversing a soil terrain, This simudation used extensive
models of vehicle cosponents and their interaction to calculate engine

torque ard speed of wheel sprockets,
The track performance was determined from a table of test values

for a similiar vehicle, Using sprocket speeds as input, and
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H = the load transmitted to the ground
bt = the whoel width
& = whael contact area » 0,85 L b
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congidering Jactors such as slope, rolling resistance, and soil condi~
tions, the model determines sprocket forces as iis output, Vehicle . :
speed follows as a function of sprockst forees;

Sloss, Ehrlich, and Worden 3 have presented a modsl of a vehicle
egressing from water onto a hard ramp., The simulation assumed the
vehicla to be in non-steady-state motion, ard was postulated in terms
of its differential equations of motion, Since thé similation assumed
a hard bank, the wheel performance equations derived used normal forces
and the coefficient of friction to determine wheel.bank forces, Execu- :
tion of the simulaticn involved solving ths differential equations of
motion by a numerical method, with outputs of vehicle location, speed, :
scceleration, and pitch attitude, The computer model was verified by 4
scals model tests and has shown closs agreement with experimental J
results, ‘
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11T, THE MATHEMATICAL MODEL

= A. THE VEHICIE AND I7S REFERENCE FRAMES
E The simalatic:. discussed in this report uses the US Army Mi51A1
& £ Ton Truck, o~ "Jesp®, ag its protstype vehicle, The velicle is

assumed to be two-dimensional (vertical plane) with 6 degrees of freew
dom, The hull of the vehicle has {reedom of surge, heave, and pitch‘.
Each wheel is free to heave, In addition, the fi'ont and rear wheeis

are free to rotate, but thev are not indespendent becauss of the action
of the transfer case,

There are three coordinate systems used in the similation; they
are shown in Figurs 6. The X'Z' system is the inertial reference
frams, with the X' axis lying along the horizontal, The X7 systen is
affixed to the vehicle, with its origin at the vehicle center of Ei
gravity. When the vehicle is at rest on a horizontal pro’ils, ths X §
exis is horizontal, The xz sysienm is affixed to the hub of each waeel, ]
ard carries a subscript which denotes the specific wheel whach it de-
scribss (1 = Front, 2 = Rear). The xz axes are parallsl to the respec-
tive XZ axes. Note that since the wheel is oniy free to heave, ths x

axis will not bs used in this model.
The vehicle suspension is simulated by a spring and damper system,

o e r 0 e AR B Mt SR

Since there is generally wery litile movement of wheels in the horizone

(LAY

tal direction, the suspension is assumed to be solidly affixed to the

e

AL

‘Snrge is forward moticn; heave i3 up-and-Gown motion; and pitch
1s rotation about an s s which goes through the center of gravity of
the vehicle, and is perpendicular to the plane of the vehiole,
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vehicle with no freedom of moverment in the X direction,
B. EQUATIONS OF MOTION

To represent properly the acceleration, velocity, aru location of
a vehicle undergoing movemsnt, we mist rely upon tims-dependent equa-

tions of motion., These equations for a rigid body have been derived

3

many times refore '1, 80 their derivation is omitted here, Instesd,

they are presented in the generally accepted form, with comments as to

ipa L SR TR R R S A R B
S N N S N

W

zow they are applied to the model.

The equations used in this sirulation are the minimum required for
progran debugging and initial model validstion, In reality, wheels
ascelsrating with respect to the body will produce inertial ferces on

the body. These forces have been neglacted since this is a first-cut
model designed to perform on uniformly sloping soil with uniform
strength (hence, nearly egual wheel sinkages), Under thsse circume
stances, the inertial forces mentioned ars small. They must de in-

cluded later, if, for example, the model is used to study obstacle

E : elimbing,

1. Hull Equations

Six degrees of freedon of a soiid body give rise to six

" i equaticns of motion., Of these six, the equations for surge, beave, and
; pitch axe:

“ Surge: F, =M(0 + Q4 - RV) (5)
Heave: F, =M{(W + FV -QU) (6)
Pitch: G, IQ -« PIR - I,P) + R(LP = I;;R) ()
L where

: 0,7,4 = velocities in the X, Y, and 2 directions
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P,Q,R = rates of rotations about ths X,Y, and
Z axes

M = ths mass of the body

Fi.F, = the net forces on the Lody in the X
®  and Z directions

I,y = the product of inertia of the body
about the X and Z axes

Gy = the net torque on the body about the
Y axis

Ix.Iy.I‘ = moments of inertia of the body about
the L,Y, axi Z axas

Under the twodimensional assumption, the terms V,P, and R are gero, 80
the equations reduce to the following:

Fo = M + Q) (8)
F, = M(d = QU) (9
o, ~1Q (10)

2, Wheol Equations
The two digrees of freedom at the wheels give rise to two
equations of motion: for heave and for pitch (Equations (6} and (7)).

Again, the terms V,P, and R are zero, so these equations reduce to

[}
G, =IQ (12)
yu yww

where the subscripts denote front and rear wheels according io the
notation of Figure 6, and
Gy\r = the combined net torque on both wheels

Ij:w = ths coxbined wheel-drive irain rotary
woment of inertia

-Q, = {since the whesls are not
% gmpgzndent)
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C. SOIL FORCES ON A RIGID WHEEL

In order to get expressicns for the forces and moments in the
equations of motion, I now turn to &n aralysis of the wheel-soil inter=
action,

A1l forces exerted on the wheel by the so0il are assumed to arise
fron two basic stresses: normal stresz and shear stress, The effects
of these stresses are to resist sinkage and forward motion of the wheel
due to czompaction on the soil, to resist rotation of the whasl dus tc
shearing of the so0il, and te provide traction. Each stress will be
considered individually, and examined for its affect on wheel motion,
The rigid wheel case will be treated first, since it is applicabls over
a considerable range of sinkages for certain soils, and it is thé
sizplest case to discuss,

1. Normal Stress Forces and Moments On « rigid Wheel

The normal stress is directed radiaily inward on the whsel.

A comrzessive stress is considered positive, no negative stresses are

allowed, and the stress is assumed to be unifornm across the width of
the wheei. The stress at a given point is the averags stress of an
elemental force acting on an elemental area, Points on ths whael sure
face are located by an angle v measured from the horisontal, A
counterclockwise angle is positive, The angle to the point where the
wheel first touches the goil (V) is called the "sntrance angle®, ond
‘ the angle to the point where the wheel leaves the £0il (7,) is called
! the "axit angle.® Ths arsa of soil-wheel contach: between these two
18 angles is called the "contact patch.® Referring to Figure 7, the

16
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novmal stress is expressed as
g» i
brdy ( 2
vwhere b is the width of the vheel.

The normal stzess produces forces vhich can bs resolived into com-
ponents in the vehicls coordinate system, This is showm in Figure 7.
The component of the force on the wheel in the X direction due to
normal stress is given as

GFy, = = GN sina (1%)
Similiarly, the component of the force on the wheel in the Z direction
dus to noraal stress is

dF“ = o 4N cosa (is5)
From Figure 7

X x

a-.z.+7-e-7+(‘r-6) (16)
From {rigononstry

m[.g.. . (7 e)] - cos(y ~ ) (17)

cos[—-g- + (7~ e)] » « sin(y - @) (18)
From Equation (13)

df = s br dv (19)
Substituting these into Equations (14) and (15) yields

af =-bro cos(Y - 8)dY {20)

dF,, =br o sin(y - 9)dy (21)
To got the total force on the wheel in each direction, Equations (20)
and (21) are integrated across the entire contact patch, which is .
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lccated by the argles A and ‘l‘z. Henoe
Ty
Feg b ::[a cos(7 - 9)dY (22)
T
™ )
r“ =) rfa gin(v - 8)dY (23)
%

Since the noraal stress acts radially, it produces no momsnt on
the wheel. The forces due to normal stress do, however, produce a
womant about the wvehicls ocenter of gravity. The componsnt force in the
Z direction is transnitted to the suspension, and is thereby accounted
for in the equations of motion by the suspension forces, However,
since there is no freedom in the X direction, the component force in
the X direction is transmitted directly to the tody. Designating the
moment at the vehicls (G dus to soil forces in the X direction as !&.
and referring to Figure 8,

M, = dF, (2,4 +2, +r ocosa) (2%)

zai = the *rest" position of ths wheel

Zi = the wheel displacement from the

rest position
The sign of d{, will be determined by the sign of dF

c?

gince & posi-
tive de . tends to rotate the vehicle in a positive direction, and a
negative de‘, terds to rotate the vehicle in a nsgative direction, The

total moment follows by integration,
Ty
Meo = 7(231 + Zi +r cosa)d?xd (25)
2
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Z ’
] Y T
Mo, ™ (Zm + Zi) d?xd + /r cosa dF, (26)
g ", 7, v,
2 Substituting as hefore for cosc and dF and noting that dl?x o™ Fxo

7
gives 2

Yy
M, = (Zgg +2)F, _+ D rzj; #in(y « 9)cos(y - 8) dv  (27)
T2

Equations (22}, (23), and (27) give the forces -oa moments which
vesult from rormal stresses o= ihc wheel, Figure 7 shows that F“

resists sinkags of the whesl, hence supports the vehicle, while an
resists forward motion of the wheel, hence resists forward moticn of

the wvehicls,

2, Shear Stress Forces and Moments On a Rigid Wheel ;i:

The shear stress is directed tangeatially on the wheel, A %

shear stress which resi;rts the motion of a wheel associated with ve- f
hicle movement in the positive X direction ies considered positive, and %
the stress iz sssumed to be uniform across the width of the wheel, :é
Other assumptions and conventions for normsl siress also hold, Re- ?
3

ferring to Figurv 9, the shear stress is expressed as

4T
T = b—Tr > (28)

£
<

3
-

The shear stress produces forces which can be resolved into compo-

[

nsnts in the vehicls coordinate system, This is shown in Figure 9,
The componsnt of the force on the whesl in the X directicn dus to ghear

stress is expressed as
dF__ = T cosx (29)

Lk B wh o
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Siailiarly, the component of the force on the wheel in thn Z direction
dus to shear atress is

dF, . = - dT sina (30)
From Equation (28) —

dT = r b r dY (31)
Making this substitution, and the sams substitution for « as before,

Equstions (29) and (30) becoms

dF . = - b r7sin(y - 0)dy (32)
’ dF, =-brr cos(Y - 8)dy {(33)

Again, integration ylelds the total force on tius wheel in each direc-

tion:
Yy
Fxf = b rfr sin(y - 8)dy (3%)
Y2
24
P, == b rff cos(r - 9)dY (35)
Y2

Since the shear stress acts tangentisally, it tends to retard the

- rotation of the wheel, Th‘is can be measured as a moment at the whesl

b center, Designating this momsnt M., and referring again to Figure 9,
dM, = p 4T (36)

Making the previous substitution for dT, and integrating scross the
contact patch gives
2
M.,=br f T QY (37)
Y2
As in the case of normsal stress, the forces dus to shear strssa
produce 3 moment about the vehicle center of gravity. Again, only the

cozponsnt force in the X direction is transmitted directly to the bedy.
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The development of the expression for M, is precisely the same as the
davelopment of M, with the vbvious substitution of dFy, for dl?m.

Hence,

. '.
ey = gy + 208, + b 27 in(y - O)contr ~ )y (30

T2
Equations (34), (35), (37), and (38) give the forces and moments
whick result from shear stresses on the wheel. Figure 9 shous that F,
resists sinkage of the wheel, hence supports ths vehicle, while Fe,
tends to move the wheel in the forward direction, hence provides

traction,

D, NORMAL AND SHEAR STRESS FUNCTIONS

The task now is to express ¢ and 7 as functions of ¥, Numerous
studies 12,13 have shown that normal stress is generally distributed in
a symmstrical, bell-shaped, or sometimes parabolic, manner across the
contact patch, However, no definitive formulation has yei been mads,
Therefore, the somswhat parabolic distribution ahown in’Figuro 10 1s
assumsd to be representative of thes generally accepted theory, The

equation for this distribution is

(Y= )7 = 7) (39)

i am‘x (7‘6 - 72-)(7” - 71y
whers
Yyt Y,
* 2
Expanding Equation (39) gives
v - Tmox [7"' - {7, + WY+ v,'r,] (40)
(‘Yx "73 )(7)5 '7' )

or, ir sizpler form,
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cmAY? +BY+C (41)

where
Yomax
(M =), -v)

A=

Bmw(y, +7,)A
C =774
The maximum normal stress, o,,., occurs at the center of the con-
tact patch, Bekker's equation for pressure, Equation 1), is used to
deternmine o,,, . This requirss an expression for the depth of sinkage
at the center of the contact paich. Figurs 11 shows a rigid wheel and

& general s2il profile. GSince the coil is generally not uxactly hori- ..

zontal, or uniformly sloping, the angle 6; i called the *local grouni
slope,* It is the angls between ths horizontal and the chord connec-
ting the points of intersection of ths wheel with ths undisturbed soil
profile.at the front of the wheel, and the original. soil profile at the
rear of the wheel, All sinkages are messured parpendicular to this
chord, The ainkage is given as

2y = r 8an(f; - ) - r ein(8; - 7,) (42)

Sn - r[ain(ee - 'Yx) - sin(OG -7, ] (43)
The maxizum pre.sure is noy given as
k
c n
Tmax ™ (—;—- + k?)!‘ (4h)

Cnce tha front wheeis pass & point on the soil profile, the soil
ie compacted, and the rear wheels do not see the "original® soil o=~
f£ile. The normsl stress distrib\,tion will now be modified to account
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for this pracompaction,
Figure 12 shows typiezl experimental pressure va sinkage curves

mesented by Bekker 14. These curves show how the prassure acts when
thes load on a plate is relievoc.l. then re-applied, The curves show that
vhen the load 1s re-applied, the pressure aimost immediately ratwms to
its value at the time the load was relieved from the plate. Soil engi-
neers have used this behavior pattern for some time to aid in the con-
struction of Void Ratio vs log Pressure curves used in studying con-
solidation ssttlemonts 8. It is also tha basis of the z, term in the

Sela-Ehriich equation for presswce (Equation (2)). This pressure re-
bound is accounted for asz shown in Figuwre 13, The normal stress dise

A b bt e ATy Bl e

tribution curve is assumed to be belween the points located by the :
theoretical entrance angls with the origingl soil profile, called 7, ,
and the actual exit angle with the current, or existing, soil profile.
The distribution curve is not extended to the theoretical exit angls .

T

with the original scil profile, 7,,, since the pressure ve sirkage
curves show that the pressure slmost immediately drops to saro when the

losd is relieved, With these mxdifications, the factors in Equation
i (41) becoms, for the rear wheel,

B U s 1 R Rt el el ¢

40 max
A=
(Mg =7 X7 - 7,,) (s
Bea (7, + 7)1 (46)
C = 77,4 (47)

The sinkage at the point of maximum stress, which is now gt the center
of the "modified" contact patch, is
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3, = "{31’-‘(96 - ]2.:;_22) - zsi.u(eG - 7,0)] (48)

For simplicity, Bquations (45) - (48) will be used for both front and
rear wheels, since for ths front wheel, 7, ie just equai to 7.

As noted in Sectior IIA, there exist several theories on ths
distribution of shear stress under a wheel undergoing slip. .Janosi's
approach is employed sance it is generally used. Schuring and
Belsdorf ! presented an expression for j. As modified for ike conven-
tions and variasbles used in this report, the expression is

j= r[?, -7 + (1=~ s)(cos(‘r - 8) « cos(7; ~ 8))] (49)

where s is the wheel slip given by

3= w (50)
T8,
in which
r = the radius of the wheel
§_ = the angular velocity of the wheel

X = the velocity of ths vehicle

Substitution of Equation (49) intoc Equation (4) gives tha expression
for shear stress:

T -(c+at.u:¢) 1 - exp --7;:-[7, -y &

{1 =~ a)(cos(‘r - 8) =~ cos(7, - 9))] (51)
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E. INTEGRATION OF THE SOIL FORCE AND MOMENT EQUATIONS FOR THE RIGID
WHEEL

1. Integrations Involving Normal Stress
Equation (41) makes it possible to integrate directly Equa~
tions (22), (23), and (27) for an' F”. and )&ﬂ. With the substitue-

tion for s, these equations becoms

Y1
Feg == b rﬁﬂe + BY + Cjcos(Y - ) Ay (52)
Yz .
Y1
F,,=br (AY + BY + C)sin(Y - ) dY {53)
G
Hxa - (Zﬂi + zi)?xu +
N3
b r? { (AF + BY + C)sin(Y - @)cos(Y ~ 8) dY (54)
Ya

These are involved, tut straightforward problses in integration by
parts, Ths results are:

Fo,=b r{- (A‘i + B + C)Bi;'l(Yl -9)+ A[(Yz - Yic)cos(Y - 8) +
(v M+ vic)eos(v; - 0) + 2(ain(v; - 8) - sin(v - 9))]} (55)
Feo=dr %- (A‘f1 + BY + C)eos( Y - 8) + A[(Ym - \/a)am(v2 -08)+

(2Y1 -V - Yz)cin( ‘r:l -8) ¢ 2(005( Y, - 8) - cos( Y, - 6))]} (56)
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Mo, = (Zgy +Z)F, +b rz{(n’;‘ +BY 4+ 0)4}1»1122(*\(1 -9)+

-3{2(ym ST MY =) ey - )ain(:e(\f3 - 8)) +

(2v =¥+ )sin(2(y, - 0)) + cos(2(v, - 8)) -

cos(2(y, - e))]} ' (57)

When evaluated for a given wheel position, Equations (55) and (57)
are inssrtsd into the hull squations of motion, while Equation (56) is
inserted into the wheel equations of motion as shown below,

2. Integrations Involving Shear Stress

Equation (51) makes it extremely difficult to integrate
directly Equations (34), (35), (57), and (38) for F, , F_, M., and M .
A mmerical integration simplifies the problam considerably, and is

easily implewentsad on a computer, An accurates method is the Newton-
Cotes 5-Point Method. &= an illustration, the integral of the shear
stress equation was calculated by two methods for various values of ‘(1
and ‘vz. Ons method was the HewtonLlotes Method, the other was the
Trapegsoid Method, using intervals of five degrees. The Trapegoid
Method is known to be an accurate nmumerical asthod for computing ints-
grals, but it requires many more computstions than the Newton-Cotes
Methad  The results are shown in Tabls I, 1In all cases, the value

computed by the Newton-Cotes Mathod was within 0.48% of the value
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TABLE 1
COMPARISON OF NUMBRICAL INTEGRATICN METHODS

SLIF % _T2  AREA BY NEWTON-COTES AREA BY TRAPEZCID LEVIATION
of --20° -110° b, 61263 4,481281 0.45%
o5 -30° -110° 2,516806 2,529037 0.48%
0% 40° -110° 1.156235 1.1617% 0.47%
208 -20° -110° 5.170466 5.187438 0.33%
206 -30° -110° 3.327870 3.337837 0.30%
209 40° -110° 1.890615 1,894482 0.20%
4o -20° -110° 5.543893 5.562296 0.33%
508 ~30° -110° 3.759%44 3771866 0,328
bof 40° -110° 2.294688 2.300244 0.2u#
60% -20° -110° 5.757924 5.777705 0.34%
60% -30° -110° 4,007252 4,021091 0.34%
6084 -40° -110° 2.530277 2.527608 0,25%
Rog 20" -110° 5.850605 5.910926 0.34%
805 -~30° -110° 4,158725 4.173727 C.36%
8of 40° -110° 2.675515 2,684094% 0.32%
1004 -20° -110° 5.978328 5.958789 0.34%
1006 -30° -110° 4.,257007 4,272829 0.37%
1005 40° ~110° 2,769586 2.779135 0.34%
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computed by ths Trapezotti‘ Method, When evaluated, these force and
moment teras are inserted into the equations of motion in a manner
siziliar to that for normal stress,
P, SOIL FORCES ON A FLEXIBLE WHEEL
1. Tire Deflection

A3 long as the pressure exertsd on a tire by a 204l stays e-
low some maximum value, the tire acts like & rigid wheel, When the
soil pressure reaches this meximum valua, the tire deflects, Thks maxi-
mm allowable value of s0il pressure under a whesl is assuwed to be ¢x-
ressible as

Plwpy +P, (58)

where

P « the maximum 80il pressure

Py= the inflation pressure within the tire

P~ the carcass pressure of the tire
This gzssumption, and the assumption of a symmetrical normal strass
distribution with maximum value at the centerline of the modified cone
tact patch (Section III.D) ieads to the following analysis:

a, The first deflection of the tire will be at -tho
centerline of the modi.ied contact patch if the maximum soil pressure
reachas P,

b. Since the soil pressure cammot exceed P, the normsl
pressure distribuiion muy bo based upon a ‘heorstical sinkags which
would obtain if the whes=)l vemain:d rigid. This theorstical sinkage i3
U and the correspondiing thsoretical maximum noraal strsas is

| ¥
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€. A8 Onextn increases, more of the tire daflects., The

R——

“sone of tire deflection® is defined by that portion of the theoratical
normal pressure distribution which has crdinatss gma’oér than P'. Note

that the sone of tire deflection is symmstrical about the centerline of
the modified contact patch, and that the normal pressurs in the sone

is P,

-Additionally, the tire deflection is assumed to be linear. A typically
daflected tire and its associated normal stress distribution as assumed
in this report is shown in Figure 14,

Justification for this assumed stress distribution has besn pre-
sented by Ellis 15, who shows that the pressure under a flexibls tire
on a hard surface is nearly uniform across the ccntact patch, and drops
off sharply at the leeding and trailing edges. Since the soil pressure
is at the maximum allowable under the deflected porti~n of the tire,
the £oil will not deflect any further, hence it acts s a rigid surface,
The remainder of the tire still in contzct with the soll will bshave
according to the rigid whsel theory described above,

The problem of integrating Equations (22), (23), and (27) is

cltered only by the need to know two additional angles (Y1P and *!“) for
limits of integration, For ths flexible wheel case, Equation (22), for

exanple, beacomes

Y Y
2F 1e
F --br-/;coa(y- 8)dv-br Pj[coa(‘v- 8) dV e

> 4
Y Y
2 ar
Yy
b 1:/;cos( Y -8)dy (59)
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Considsr the aquation for normal stress distribution,
o =AF +Br+C (60) i
It is necesgsary to solve this for the angles when o = P, Note that in
ths expression for A, dmsx ™ Umaxtn . Substituting for ¢ in Equation
(60) gives
AP +By+C =P (61)
ar
AF +BY +(C=P) =0 (62)
Appiying the quadratic formulia to solve for v gives
=Bt VE - bi(C - ) (63)
2k
Making the appropriate substitutions for A, B, and C, and then simpli-
fying yields
A SURRSEE CAELPRY . (64)
From this, the limitz of the tire deflection area are
7|
Y, - ’};‘vlo vy * (\./10 - Yz) 1= e j (65)
Yan - é{‘{zo * Yz h (Ylo - ya) i- ”mim } (66)
2, Normal Stress Forces and Mowents On 2 Flaxibis Wheel
Figure 15 shows the normal stressss acting on & daflested
tire, Note that in ths zone of tire deflection, the atress no longer
acts radia.ly, sincs it is perpendicular to the daflected portion of
the tire., This mears that &t any point along the deflection somes, the
895w angle is ussd to rescive the forces due to normal stress into
S e AR et s o e s 2l
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components in the vehiocle coordinate system, This angle is the angle
between the centerline of the deflecticn gome, and the Z axis, From
Figure 15, the angle is

amdre My +y) -9 (67)
Note also that the expression for dN (Equatiocn (19)) 1 no longer valid
since ths incremental area is no longer equal to b r dv, However, it
is not necessary to. intsgrate actually any functions in the zone of
deflection, Because of the symmetry and constant pressure in the zone
of deflection, the resultant of all stresses in the rone acis at the
centerline of the modified contact patch, To find the resultant,
consider the contact patch in the zone of deflection. Since it is the
chord of a circle, the length of tka patch is given by

Le2rsin(}y, ~Y ) (68)
The resultant is then

’ . ,
Foge =2 b T Pain(3y « Y ) (69)
The components of the resultant force in the X and Z directions are:
’ . .
. Poggxm-2br P ain(Ky - Y )) sina
=~2brPsin(Hv - })cos(Hy +Y)-0) (70)
4 ]
Fw,‘ «.2br?bP sin(i(\’” - Yaﬂ)) cona

=2bor Psin(iy -y ) ein(Hy + ) -9 (71)

Broations (22) ard (23) can now be modified for the flexible wheel:
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2° Y‘-
B er~-bz:/;cos(‘{-e)dYeer/;coa(Y-e) dav
Yz YIP
[
~2brP sin(}(*{” -, )) cos(ﬁ‘(Y10 Y ) - 8) (72)

2°P 1
F,=Db rﬁs&n(Y -98)dv +b r/; sin(Y - 8) 4y
= L4 Y

2 ir

+2br Pain(y, - Nain(iy +v) -6 (73)

Even though the stress in the sone of deflection no longer acts

radially, it still does rot produce a moment on the wheel because it is
symetrical about ths centerline of the contact patch, However, the
moment about ths vehicls CG due toc the components of forces due to nore-
mal stress is affected, Lecause tlie moment arm is no longer measured !
from the edge of a circle, as it was for the rigid wh.el,

Sincs the resultant Fcz acts at the center of the contact sone,

T

the momsnt arw from its X coxponent to thse x axis of the wheel is
[ ]
d=r cos(-}(‘v” - Yep))cos(a ) (74)
The ~omsnt about the vehicle CG due to the X component of Fog, 18

LA e do Tt b S B R AR S it e n s ik L B o o R R Bt Sl it

AR LD - - N
SR L it enad S0 PR, b ' ¢ ol AT A e T

. M e Popoxilpy * 2y + Q) (75)
Weo2br Paind(y_ - v Jeos(¥(y +v)-a)rz +
ip 2° 10 2 |l Ri
2y -7 cos¥y - Yep)ﬂiﬂ(%(Ym tv)- 9)] (26)

Finally, ths expression for ¥__ follows from Equation (2%)

3P . 1 :
Meo = [(Zgy + 2, + r cosa) aF_ +M 4-'/22.Ri +2; +rcosa) dF (77)
Y Y
s 1e
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(3]

In order to be able to write this in a somswhat condensad form. lst

v, =Y .Y ) (78)
B=Hy +v)-0 (79)
Then Y, Y,
M, =br(Zp + Zi)['£°°°(Y - 6) dy -.!:r cos(y - 6) dY]-
2 10

2brp? 81.:1(\,/%1B )cos(a)[zai + zi -r °°3(Y%, )sin(a)] +

ha ]

Y Y .

b rz[/g:i;(‘s' - 8)cos(Y - ) dvy + /;alin(Y ~ 8)cos(Y - e)dYJ (80)
Y Y
2 iy

Equations (72), (73), and (80) give tha forces and moments which
result from normal stresses un a flexible whsel,

3. Shear Stress Forces and Moments On a Flexible Wheel

Figurs 16 shows the shear stresses acting on a deflescted tire,
As in the case of uomal stress, at any point along the defloction gone,
the same angle is used to resolve the forces dus to shear stress into
componants in *he vehicle cocrdinate system, The approach to finding
the resultant of the shear stresses acting in the deflection zonec is
the sams ons used for normal stress, It does, however, require the
simplifying assumptiion that while the shear stress distribution is rot
symetirical about the centerline of the contact patch, the eccentricity
is small enough to neglect,

Figure 17 shows a typical shear stress distribution under a dse
flected tire as calculated from Equation (51), using o = P’ in the sone
of deflsction., Note that it is not symmetrical about the centerlins of
the contsct patch, The centroid of the area btounded by 'Y“ and Y“

"

-

P

S

o
Eo

4 P LT -, o agb ot
e A et T e LS e A A e

]
N N
s VPR 0 s Ll 0 Sevin



= A*M Sl
e A i pams
R R R T e

R-1689
42

cersg
fl///~\\\\\‘//// / —

F
cz7x

o

FIGURE 16 SHEAR STRESS UNDER A FIEXTBL" WHEEL

3 Sl B A Ay I e Rdan e

o

P

T e S s 7 i Ao

T ———




o i ’ . , ) ) — ' PR Z,,\z,.....%iaﬁ_-. P
L
fﬂ
M W14 G3133743C ¥V ¥3IANN NOIINBIYLSIO SSTULS ¥YIHS L1 3WNDI4

(sea4ba@) A

4 ot T ¢ at , ¢
4 ‘ A A A A A
W.m I | I
y ” 5
3 ,u
¥

138 41
I A9 K A8 QagNnos
(1sd) + / fooeee JAUND SSTYLS 40

R- 1689

V3HY 40 INITYILINID

NOILITT430 40 INOZ 40 INITHILNID e




.....

R- 1689

(and hence, the point of action of ths resultant), doss not lie on the
centerline of the zone of deflection, The eccentricity in terms of
is approximatsly 1°, This sccentricity alfects iwo values: the moment
armof F,__ about the wheel center, and the moment arm from F p— to
the x axis of the wheel., Both of thess valuves are affected becau;e of
the torm r cos(y, ). For values of Y which can reasonably be ex-
pected (Ym < 200), the difference between r coa(Ym) ard r cos(\; 5P+ to)
is negligible,

The resultant of the forces dus to shear stress in the zone of
deflection can nov be written as

19

FO" «2br MWZP) 7 dY (81)

-24
The components of the resultant force in the X and Z directions ere:

ip
[
Fogrx ™ 2br sin(YHP) cosafr qy

*
ar

1
=~2br ain(\’:.;?) sm(ﬁy:' dy (82)

Y
2r
. Yie
- o v
?csr . 2 b r sin( '359) ainaf ay

-l 4

,~Y1P
»~2br ain(Y:s;) coa(ﬁir aY (83)

»

Equations (34) and {35) can now be modified for the flaxible wheel:

Yz » Y1
F --bréain('v’-e) dY-bl:l:ain(YaG) dy

X7
i

Vire

20 r six( Y%a) sin(ﬁ?[} dv (84)
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Yo p Y1
!‘m - -bx"é;cos(\(- 8) dY « b rjf7 cos(y - 8} dv

1r

~

Y1ep
-2br ein(Y,?,P) cos(ﬂ?ér dy (85)

4

The exprossion for the moment on the vheel of forces due to shesr
stress, Equation (37), is easily modified for the flexible waeel by

using the resultant F___ and ts moment arm, r coe(Y%P ).
Nar Yip

o
<

321 .
M,-brzrdY+2br2 sin(Y%n) coa(\.’xp)‘é'dY+br‘j;d( (86)
2P 1%

The moment about the vehicle 0G due to the X comporent of F, is

WY - s'cm‘(zth +2, ¥ d) (87}

K9e - 2b sin(*{%) sin(B){?.Ri + Zi +

Yie
r °°5(Y54,;) sin(ng;d’Y (88)
Yr
Then the expression for M,  follows from Equation (24):
Yor Y1 -
M = (zRi +Z,+r cosa) dF, + HM"+ (731 + Zi + r cosa) aF, . (89)
-] 19

er Yi
fo =br (ZR* + Zi)[~ﬁSM(\’ -~ 8) dY « [rein(y - @) dY]-
-] Yip

Yir
2br ain(v%?) sin(;s)(zRi + zi -T coa(v’,éa) sin(ﬁ))‘éd\: +

4

‘:‘292 Y1 2
b rz[ésin (Y = 8) dv +£;ain (Y - 0) d\'} (90)

Equations (84, {55}, (86), and (90) give the forces and mowents
vhich x;asnlt Zrom chear stressss on a flexible vheel,
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G, INTEGRATION OF THE SCIL FORCE AND NOMENT EQUATIONS FUR THE FLEXIEIE
WHEEL

1, Integrations Involving Normal Stress
As in the rigid wheel cm'. the exgressions for er’

gq?

and H“ are analytically integrable., The results of the integraticons
from the rigid whesl case are directly applicabls to the flexitile whesl
case, since the only difference is the limits of integration. The re-
aults are:

2 2
Feo= D r{(lwv + By +Clein(y - 8) - (AY 4+ By + C)sin(y - @)
« (A¥? +BY +C)sin(Yy -8} + A[(Y «Y Jeos(Y « 9)
. -3 4 -1 4 . 14 -3 13 2
+(y =2y + Y )eos(y -8)+ 2(31::(\( - 6) - sin(v - 6))
2 2P i0 2°¢ 2°7 2
- - \ - - g
+ (Y“ vw)eos(vu o) + (Yn 2v + \rm)taos(v1 3)

+ ::(tsin(’\r'1 -8) - ain(‘f” - 9))] -27 cin(’im) cos(ﬁ)} (91)

L 2 - - 2 fot -
F‘ e Db r{(l‘(” * BYlp + C)oos(Y” 8) (AY1 + B‘zf1 + C)..cm(\'1 9)
e (AY? + By 4+ Clcos(y -0)+ A[(Y - Y Joos(y - 8)
ar 2° ar 10 2 a
+2y, -y =y dein(y - 9) + 2(cos(y - 8) - cos(y - 6))
+{y v )ain(y «8)+(2Y «y =~y )sin(y - 8)
i0 ip 1’ 1 10 1?7 b

+ 2{cos(Y, - 8) - cos(v - 9))] 2P sin(y, ) oiu(ﬁ)} (92)
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i 2 0 :
é Moo= (ZRi + zi)an +2b1r P sin .,/)P) cos(Y,/._P) sin(8) cos(B)
5 i
3. !
+b rz{(n ® 4 By +CMstn(y - 9) ‘
2P 20 2P
2 2
£ ¥ 2 : , o - 2 . . -
A + (Av ¢ By +CMsin (v -0) - (Ay? + By +Clain'(y -8
A . ;
+'8{2(Y10 =Y Y, =y (Y - Jain{2(Y, - 9))
4 +(2Y, =Y+ Y )ein(2(Y, - 8)+ cos(2(Y,, - ©))- cos(2(Y -8)
* 2(.’110 = Yl )(Yl = Yu) + ‘Yxo - \.’“)ain(Z(Y“ - 9))
+'(2Y1 = Ym + Y“) ain(Z(Yl - G)) + c"'(Z(Y:L = 8))
3 - cos(2(Y, - 9’)]} (93)

When evaluated for a given wheel position, Equations {91) and (93)

are inserted into the hull equations of motion, while Equation (92) is

inserted into the wheel equations of motion as showm below,
3 2. Integrations Involving Shear Stress
Ads in the rigid wheel case, tha expressions for FIT' F”, M.,

E and er are not easily integrable. Again, a mummerical solution is the
5 best appreach in this case, When evaluated, these force and moment
tarms are inserted into the equations of motion in a manner similiar to
that for iormal stress,
H. EQUATIONS OF NOTION IN THE SIMULATION

With the soil forces and momsnts just derived, Equations (8), (9),
(10), (11), and (12} can now be used to spocify the particulsr equa-
tiony of motion for the system used in ths simumlation. Figure 18 shows
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the vehicle with the forces amd moments acting on it. From Figure 18,
and Equations (8), (9), and (10}, the hull equations are

—

[ 4 (-4 i

Xg *+ &g " HiFx1 * Fep - W'sine] (94)
. (& 1—. 4

Zgg = oy =W co88 = D, - D, (95)
Iya’ =DXy <Dy + My + M, =M,y K, (96)

vhere
D; ard D, are suspension foroes
FpuFo, + P,
M, = the engine torque on a wheel
the subsoripts dsnote front and rear wheels
Figure 18 also shous a wrsel with the forces _andmnts scting on
it. From Figure 18, and Equations (11) and (12), the wheel equations

[ o o i

T, - 6 Xy --‘-‘—1[‘11 cos€ + Dy - ?ﬂ] (97)
E, - 8ics ~fug cos0 43, -7, (98)
IO, =¥,y v¥, <K, -H, (99)

éw-tlnungularmlocityoztbmh
(the sams for all wheels)

¥ s~ F e ¥ ¥ gr
Hots that the signs of )'.v and ¥_ are reversed from the hull equations,
since for the wheel, clockwise rctation is positive,

P
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IV, THE STHMULATION

A, GENERAL

The model in this roport was developed as part of a simulation in‘
a larger project headsd by Dr. Y. Feter Jurkat, Devidson Laboratory,
Stevens Institute of Technology. The simulation used as a subroutine
a program which the zuthor wrote to datermine the forces and moments on
the vehicle dus to the wheel-soil interaction,

B, CONCEPT

Unbalanced forces are calculated as a result of vshicle velocity,
and wheel position with respect to the vehicle and the ground, Thase
unbalanced forces are used to move the vehicle to a new position and
velocity via the equaticns of motion. ‘

_Lt the beginning of the simulsiion, initial position and velocity
are assigned to the vehicle, This position dstermines the anonz;t of
wheel-s0il interferance in terms of the exit and entry angle of the
wheel, Using theese ard the soil parameters, Equations (34), (35), (37),
(38), (55), (56), and (57) calculate the forces and oments derived in
Section III for ths rigid wheel case. If the flexible wheel case oub-
tains, Equations (84), (85), (86), (90), (91), (92), and (93) are used,
These forces and moments are then inserted into the equations of motien,
which are numerically integrated to get a new position, velocity, snd
acoeleration. The process is then repsated,

C. DESCRIPTIOR
The simulation program ccnsists of five major subroutines, which

are ahown in block diagram in Figure 19. The simulation is quite

T e o AN IR [ PR Ly MR
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E _ INFUT

Vehicle Data; Imitial
Cornditions; Geometric
2 Data; Limit Conditions

INTEGRATION CORIROL

UPDATE OUTPUT
Calculation of Vehicle
{Acceleration, Velocity, Data; Stores Soil

and Attitude Profile

SOIL FORCES

4 Computation of Soil

E orces and Moments
E
FIGURE 17 PROGRAM SUBROUTINES
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flexible with respect to types of vehicles, soil parameters, and ground
profiles which may bs used, A description of the subroutines, with
corments on thsir capabilities, follows,

1I5°UT :

(1) Reads vehicle desscription; the vehicle sprung weight,

unsprung weight, moment of inertia, location of CG, etc,, must be
specitied,

(2) Reads scil profile and parameters. The program stores
the s0il profm as coordinate locations, so any profile can be used,

The s0il parameters can bs varied along the prufile to simulate

L A L
0 e BT

changing soil conditions which the prototyre might encounter.

GELR N s

{3) Reads initial sonditions of the problem, The vehicle
can bes started from rest, or with an initisl velccity.
(4) Positions vehicls with respect to the soil profile.

(5) Reads integraticn control variables,
INTEGRATION CONTROL

S (1) Calls » subroutine which integrates the equations of

wotion by the Hamming Predictor-Corrector Method,

{(2) Tests for complation of simmlation,
UPDATE
(1) Calculates weel position with respect to scii profile
interms of Y, v ,ad Y,
b i0 2
(2) Calculates local ground slope and wheel alip,
(3) Calls soil force subroutine,

M st B4

(#) Calculates engine torque; checks engins torgue va RPM
map and shifts to rroper transadssion gear,

i hi LN ] VO D,



(5) Calculates suspension forces,

(6) Calculates sccalerations in all degrees of freedcm from
the equations of motion,
OUTPUY
(1) Prints results,
(2)‘ Modifies =0il profils due to wheel-soil interferencs.
Stores current and original soil profiles,
SOIL FORCES
(1) Calculates wheel sirkage and theoretical maximem soil
pressure,
(2) Determines whether rigid wheel of flexible wheel cass
holds,
(3) Calculates soil forces ard moments derived in Sedtion

il i B A PO St S S8
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¥, QUALITATIVE: VALIDATION

Since no experimental data exists which relates wehicle pesrfor-
mancs to soil paramsters, the model was *validuted® on a qualitative

;
v %
3
| “‘g ;
l "5‘.
g A A A SN A R S AL A R S e+

basis, It is generally expected that vehicle performance will increase
as soil strength increases, To determine if the modsl did produce re-
sults with this trend, the following approach was selected:

ePart 1

1. Selsct ¢, k,, n, K, §, and a unifornly sloping soil
profile,

2. Vary k‘ to change soil strength,

3. Use the sbility of ths wvehicls to climb the slops as &

measurs of the effect cf soil strength,

EReT—,

ePart 2
For & soil strength which allows the vehicle ‘o just climb
the slope, change the per cent of slops arnd examine its effect on ve-
hicia performance,
For the first portion of the validation, the so0il selucted was a
cohesionless one with the following paramsters:

c=0
ke = O
n~1
K=0,2
) tang = 0,28
= i
{ A 15% slope was solected, Values of k‘ chossn were 30, 40, and 50. ]
E i
'i?fi The aigher values of kg relats to stronger soil, as seen fron Equations 8
% 3
g ;
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{44) and (51), The initial velocity selected was 60 inches per second,
or 3.4 miles per hour, —

Tubles 2 shows the vehicle velocity at 0.1 second interva.s Zor
each case, Figure 20 is a piot of velocity ve time for sach case, The
first 1.5 seconds is considered the transient portion of the siruiae.
tion; i+, arises from the assignment of initial conditions which are
not steady-state, For a k¢ of 30, the verzicle could not continue to
climb the slope, and the velocity gradually decreased. At a kg of k0,
the vehicle was able to slightly accelerats up the slope. At a k¢ of
50, the vehicls was able to accelerate even more. Thus, as soil
strength increased, vehicle performance incressed as axpscted,

For the svcomd portion of the validation, the value of 40 for kg
was sslected. The simulation was executed for values of alope of 17.5%
and 20§, Table 3 shows the vehicle velocity at 0.1 second intervals
for each case, The vlot in Figure 21 shows that as slope is increased,
veliicle performence decrsases as expectad,
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TABLE 2

infsac

VEHICLE VELOCITY AT SEIECTED TIMES FGR VARIOUS k‘

JITY
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15% SLOPE
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174% SLOFB

60,00
60,53
59.09
58.77
58,61
58.50
58.23
57.89
57.48
57.08
56.75
56.47
56¢22
55.52
55.18
55.65
Sk 84
Sh.22
53.80
53.30
52.80
52.61
51,69
50,98
50,56
50.19
49,84
49,36
49.1%
48,12
47.50

VEHICLE VELOCITY AT SELECTED TIMES FOR VARIOUS SLOPES
VELOCITY (in/sec)
204 SLOFE

66.00
59.57
56.97
55.90
55.15
54.31
53.38
52.28
51,04
49.86
48.78
47,72
46,65
45,65
4,57
43,36
43,11
42,76
40,72
39.22
37.95
36.70
35.48
34,20
33.05
31.43
29,17
27.10
25,61
2k, 16
22,56
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Y1, CONCLUSIONS AHD RECOMMENDATIONS

A, CONCLUSION

On a qualitative basis, the model cf vehicls dynamics and whoel-
soft a0l intorsction presented in this study is a valid simmlation of
actual wvehicle performance,
B. RECOMMENDATIONS )

i. That sxperimentsl data be gatbtmdtouuu.thcvmdityoz

the model on a quantitative basis.

2. That the equations of motion resented in this sincty be modi-
f1ed to include the relative accelerations of the wheels discussed in
Seotion I1I.B.

3. That " bhe soil-wheel equations presented be modified to use the
Sels-Ehrlich improved equations for normal stress,
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